During the last few decades, nanotechnology has established many essential applications in the biomedical field and in particular for cancer therapy. Not only can nanodelivery systems address the shortcomings of conventional chemotherapy such as limited stability, non-specific biodistribution and targeting, poor water solubility, low therapeutic indices, and severe toxic side effects, but some of them can also provide simultaneous combination of therapies and diagnostics. Among the various therapies, the combination of chemo-and photothermal therapy (CT-PTT) has demonstrated synergistic therapeutic efficacies with minimal side effects in several preclinical studies. In this regard, inorganic nanostructures have been of special interest for CT-PTT, owing to their high thermal conversion efficiency, application in bio-imaging, versatility, and ease of synthesis and surface modification. In addition to being used as the first type of CT-PTT agents, they also include the most novel CT-PTT systems as the potentials of new inorganic nanomaterials are being more and more discovered. Considering the variety of inorganic nanostructures introduced for CT-PTT applications, enormous effort is needed to perform translational research on the most promising nanomaterials and to comprehensively evaluate the potentials of newly introduced ones in preclinical studies. This review provides an overview of most novel strategies used to employ inorganic nanostructures for cancer CT-PTT as well as cancer imaging and discusses current challenges and future perspectives in this area.
Introduction
Cancer is the second leading global cause of death that inflicts more people every year as the lifestyle changes (Caricati-neto et al. 2017; Li et al. 2017a ) Current main clinical cancer treatment methods, namely chemotherapy, radiotherapy, and surgery, do not provide satisfactory outcomes and are associated with some limitations as well as inconvenience for the patients as a result of their far-reaching side effects (Zhang et al. 2015d; Wang et al. 2016a Wang et al. , 2017a Ren et al. 2017) . Thus, in order to improve the full treatment chance, chemotherapy is usually supplemented by other methods (Jing et al. 2018 ). However, not only metastasis is still a serious problem but also the side effects could be exhausting for patients as the drug dose should be progressively increased to overcome the drug resistance of cancer cell (Zhang et al. 2015d; Chen et al. 2017a) . For these reasons, the need for development of new generations of cancer treatment methods with enhanced therapeutic efficacy, high selectivity and sensitivity, and very low side effects is well felt.
In this regard, a major share of research for cancer diagnostic and therapy (theranostic) is dedicated to nanotechnology. Applications of nanoparticle for drug delivery, bioimaging, and thermal therapy have been extensively studied. Nanocarriers can significantly increase the drug accumulation in tumor tissue through enhanced permeability and retention This article is part of a Special Issue dedicated to the '2018 Joint Conference of the Asian Biophysics Association and Australian Society for Biophysics' edited by Kuniaki Nagayama, Raymond Norton, Kyeong Kyu Kim, Hiroyuki Noji, Till Böcking, and Andrew Battle.
(EPR) effect or by targeting and also may overcome the drug resistance by entering the cancer cells resulting in an improved therapeutic effect in comparison to free drug (Guo et al. 2017; Tian et al. 2017b; Xu et al. 2017; Girma et al. 2018; Wang et al. 2018b; Sun et al. 2019) .
Considering the more sensitivity of cancer cells to high temperatures, nanoparticle-mediated thermal ablation with high precision at tumor tissue serves as a suitable treatment mean Oh et al. 2017) . Various nanomaterials have been introduced to possess promising application as remotely controlled thermal therapy agents. Among the two thermal therapies namely magnetic hyperthermia and photothermal therapy (PTT), the latter which benefits from the advantage of high precision, i.e., it can generate heat at the exact tumor site by radiating a near infrared (NIR) laser beam from an external source, is more favorable for clinical application ). This non-invasive method offers different advantages including high selectivity and precision while it is harmless to normal tissues (Khafaji et al. 2016; Gautam et al. 2018; Girma et al. 2018; Zhang et al. 2018b ). As presented schematically in Fig. 1 , when coupled with targeted drug delivery, PTT can synergically enhance the therapeutic index via four different mechanisms: (i) improving the accumulation of the nanocarriers in the tumor tissue, (ii) facilitating the cell membrane permeability, (iii) enhancing the drug cytotoxic effect, and (iv) triggering the drug release at the target site (Li et al. 2017a; Cao et al. 2018) . Overall, in comparison to regular sequential treatments, the simultaneous combination of chemo-and photothermal therapy (CT-PTT) significantly enhances the treatment efficacy so that the complete eradication of cancer with minimal side effects and no metastasis has been reported by only two cycles of combination therapy (Ma et al. 2013) . As a result of this, quite ample studies have been aimed to develop advanced nanostructures for CT-PTT.
Due to their bioimaging ability, high thermal conversion efficiency, versatility, ease of synthesis, and surface modification, inorganic nanoparticles are of special interest for CT-PTT (Zhang et al. 2015a; Li et al. 2016c; Gautam et al. 2018 ). Gold and iron-based nanoparticles, as well as transition metal sulfides, are among the most prevalent types of photosensitive inorganic nanomaterials for this application.
Gold-based nanoparticles are among the first generations of nanomaterials introduced for combination therapy due to their deep-seated application as PTT agent (Huang et al. 2006) . By altering the size or shape of nanoparticles, their surface plasmon resonance can be adjusted to the wavelength in the NIR region to achieve the maximum thermal conversion for PTT application (Kim et al. 2017; Li Volsi et al. 2017; Ji et al. 2018) . In an optimized condition, a temperature of above 42 is achievable in a short time with a low laser power density. Nevertheless, in order to achieve effective gold-based nanocarriers with improved biocompatibility, surface modification is necessary, yet it may hinder their surface plasmon resonance for PTT. Huge efforts have been dedicated to investigating new goldbased nanoparticles with different structures and modifications to overcome this challenge (Zhang et al. 2015e; Deng et al. 2016; Zhou et al. 2017; Hernández Montoto et al. 2018) .
Iron-based nanoparticles, unlike gold-based ones, are considerably less expensive to produce and are more biocompatible so that some types of them have the approval from the Food and Drug Administration (FDA) for clinical usage (Dacarro et al. 2018) . Some types of iron-based nanomaterials offer a comparable molar excitation coefficient with gold nanoparticles (Xue et al. 2015a) , while superparamagnetic iron oxide nanoparticles (SPIONs), which have weaker NIR absorption, enjoy the advantage of magnetic targetability (Guo et al. 2017 ). Although it is less than a decade that the application of these nanoparticles for CT-PTT is being investigated, considerable publications with various designs and modifications are available in this field some of which are really promising. In addition, these nanoparticles can serve as magnetic resonance imaging (MRI) contrast agents making them good candidates also for theranostic applications (Ansari et al. 2018; Sun et al. 2019) .
Transition metal sulfides are another group of inorganic nanomaterials which thanks to their high photothermal conversion potency in a broad range of NIR wavelengths, bioimaging ability, low toxicity, and low production cost have been the subject of several studies for cancer therapy in recent years (Liu et al. 2014a; Zhang et al. 2018a ). The NIR absorption in these nanomaterials is derived from d-d energy band transition; therefore, unlike gold nanoparticles, it is not a function of particles geometry or dielectric coefficient of the media (Yang et al. 2015) . Additionally, due to the low surface functionality, they are not facile drug carriers; hence, their application for CT-PTT has not still been widely studied and, in comparison to gold and iron NPs, they are at their early stages of development.
The aim of this paper is to give an overview of recent publications and advances in the use of photosensitive inorganic-based nanocarriers for combination cancer therapy. We develop examples of the methods used for drug loading and surface modifications of common inorganic photothermal agents and evaluate their behavior in vitro and in vivo. Finally, we critically investigate their cons and pros as a new generation of cancer therapy agents.
Gold-based nanostructures
Due to their unique property of Bsurface plasmon resonance,ĝ old-based nanostructures were the first nanomaterials that were studied for cancer photothermal therapy in 2006 (Huang et al. 2006) . The foremost advantage of gold-based nanostructures over other nanomaterials is their surface plasmon resonance which can be adjusted to the desired wavelength by changing the particles size and shape to achieve the maximum NIR absorption and thermal conversion efficiency (Huang et al. 2006; Xu et al. 2017) . In noble metals, the coherent collective oscillation of electrons in the conduction band induces large surface electric fields which greatly enhance the radiative properties of gold and silver nanoparticles when they interact with resonant electromagnetic radiation. In addition, it is realized that the strongly absorbed radiation is converted efficiently into heat on a picosecond time domain due to electron-phonon and phonon-phonon processes (Huang et al. 2006) . However, the photothermal conversion efficiency of some gold-based nanostructure such as gold nanorods and branched nanostructure is higher than other ones, but it strongly affected by the plasmonic resonance wavelength, nanostructure volume, coating shell, and assembly state . The other special advantage of these nanomaterials is the possibility of direct surface functionalization through self-assembly of sulfur ended molecules, thanks to the intrinsic affinity between gold and sulfur atoms. Gold-based nanostructures have been widely used as drug carriers. Drug molecules can be attached to the surface of polymer/silica-coated solid gold nanostructures or be encapsulated into the hollow ones. Surface modification also enhances the biodistribution and biocompatibility of the goldbased nanostructures and has a significant role in controllability of drug release. Given the mentioned capabilities, goldbased nanostructures have become excellent candidates for CT-PTT. As far as the morphology is considered, gold-based nanostructures can be classified to five different groups: (a) gold nanorods, (b) gold nanoparticles, (c) hollow gold nanostructures, (d) gold shells, and (e) branched gold nanostructures, which are elaborated upon in detail hereunder. Gold Nanorods
Due to their anisotropic shape, tunable aspect ratio, strong optical absorption at NIR region with almost 100% light-toheat conversion efficiency, prolonged circulation time, enhanced accumulation in tumors, and well-established synthesis and surface modification procedures, gold nanorods (GNRs) are the mostly investigated nanostructures in PTT (Zhang et al. 2015e; Wang et al. 2017c; Xu et al. 2017; Sun et al. 2018) . However, there are some drawbacks that severely limit their applications in CT-PTT including poor stability in the physiological condition, low drug loading capacity, and potential toxicity from cetyltrimethylammonium bromidethe capping agent that used during their synthesis (Li et al. 2014; Xu et al. 2017; Zhou et al. 2017; Sun et al. 2018) . In order to overcome these shortcomings, various modifications were presented in recent years. Coating GNRs with a mesoporous silica shell seems to be the simplest way to improve their drug loading capacity, biocompatibility, and in vivo colloidal stability, but it does not provide a proper control over the drug release. Zhou et al. used hyaluronic acid (HA) as the second coating material which not only prevented the early drug leakage, but it also targeted the GNRs to the cancer cells which have CD44 receptor overexpressed on them. In this nanosystem, the drug released in the tumor microenvironment through degradation of HA shell by hyaluronidase enzyme ). Zhang et al. grew polyamidoamine (PAMAM) dendrimers onto the surface of silica-coated GNRs which enabled the attachment of siRNAs to GNRs for chemo/photothermal/gene therapy application (Wang et al. 2017c ). Because of the high loading capacity of mesoporous silica, Xu et al. loaded 89 Zr radioisotope alongside with the chemotherapy drug on PEGylated silica-coated GNRs to achieve a single nanoplatform for combination therapy and photoacoustic tomography applications (Sun et al. 2018) .
Polymers are also good coating candidates to increase the biocompatibility and drug loading capacity of GNRs. There are several articles reporting a successful targeting and enhanced combination therapy by coating GNRs with various polymers such as inulin, α,β-poly (N-2-hydroxyethyl)-DL-aspartamide, and PAMAM dendrimer (Li et al. 2014; Li Volsi et al. 2017 ). Liao et al. encapsulate GNRs and doxorubicin (DOX) molecules in mPEG-PCL polymersome achieved a more drug loading content, less cytotoxicity, and controlled release. Under local hyperthermic condition, the polymersome melt or destroyed and the anticancer drug released (Zhang et al. 2015e) . To reduce the immune responses and to prolong the blood circulation time, natural biopolymers and proteins are better coatings. Xu et al. used HA decorated GNRs for combination therapy. HA acts as an active targeting agent and improves cellular uptake. Also, DOX molecules were effectively loaded via acid-labile hydrazine linkage and released in response to acidic pH and photothermal conditions ). Li et al. applied albumin modification to promote the GNRs stability, biocompatibility, and cellular uptake via albumin binding protein pathway. By this surface, modification hydrophobic drugs like paclitaxel could easily be loaded in the albumin lipophilic domain (Chen et al. 2017d) .
To have both the therapeutic and diagnostic functions with collective physicochemical properties, multicomponent nanostructures have been raised as attractive multifunctional nanosystems. In this regard, Wang et al. synthesized aptamer targeted GNRs coated with a carbon layer which resulted in an excellent fluorescent emission. In addition, the aromatic anticancer drugs were efficiently loaded on the carbon shell via π-π interaction. Therefore, the nanoparticles could be used for bioimaging in addition to the combination therapy ). Because of their high drug loading capacity and special physicochemical properties, metal organic frameworks (MOFs) are among the best candidates for modification of GNRs. Zeng et al. were proposed porphyrinic zirconium-based MOF as a nanoshell which demonstrated excellent fluorescence emission as well as photodynamic therapy ability. Thus, these hybrid MOF-GNR nanoplatforms could be used simultaneously for bioimaging in addition to photodynamic/photothermal/chemotherapy (Zeng et al. 2018) . Although many of these studies are still in the early stage of drug development, their remarkable results represent their promise as new generations of multifunctional anticancer drugs.
Gold nanoparticles
Ease of synthesis, inherent biocompatibility, versatile surface functionalization, and fine-tunable localized surface plasmon resonance (LSPR) are the properties that make gold nanoparticles (GNPs) to be considered for CT-PTT application . Synthetic polymers are generally used to tune the plasmonic wavelength and to enhance the biocompatibility and stability of GNPs. However, there are obvious drawbacks that hinder the biomedical applications of these nanoparticles which must be addressed including limited LSPR in the visible range, low drug loading capacity, complicated fabrication procedures, and presence of toxic reducing agents and nonbiodegradable polymeric templates. Employing natural, biocompatible, and biodegradable polymers is an effective way to overcome these problems. To this aim, GNPs were coated with polymers such as fucoidan, a natural polysaccharide and polypeptide which resulted in enhanced combination therapy (Kim et al. 2017; Nam et al. 2018; Yang et al. 2019) . To increase the drug loading capacity, porous nanoparticles were synthesized through the intraparticle alloying and dealloying process. DOX molecules were loaded onto surfaces of gold-nanosponges through electrostatic interactions. The pH-and thermal dual-stimulusresponsive capability was provided by the poly (Nisopropylacrylamide-methacrylic acid-1,4-dioxane, octadecyl acrylate) (p (NIPAM-MAA-ODA)) copolymer, which was further incorporated with liposome to serve as a gate-keeping shell. By conjugating amine-functionalized cell-targeting aptamers (EpDT3-NH 2 ), targeted delivery of DOX was achieved. As a result of the high drug loading content and active targeting, combined CT-PTT killed 98% of the cancer cells, which is a promising outcome .
Hollow gold nanostructure
In view of their high drug loading capacity, strong and tunable surface plasmon resonance in NIR region, and high photothermal conversion efficiency, hollow nanostructures are proposed as the promising gold-based agents for combination therapy (Deng et al. 2016; Sun et al. 2017) . Among the several hollow nanostructures, gold hollow nanospheres (GHNSs) and gold nanocages (GNCs) have been strongly investigated owing to their well-established synthesis process. As for Au nanocages, they were prepared using a galvanic replacement reaction between Ag nanocubes and HAuCl 4 . However, these nanostructures may suffer from drug leakage because of their hollow interior and wall pores. Also, the inadequate stability, quick aggregation in physiological conditions, and poor immuneescape capacity limit their biological applications (Li et al. 2018b; Zhu et al. 2018) . To overcome these deficiencies, coating of drug loaded GHNSs and GNCs has been mostly studied. Polyethylene glycol is the biocompatible polymer that has been widely used for this goal. Although the PEG coating prolongs the blood circulation time of nanoparticles and enhances their biodistribution, it is not effective enough in controlling the drug release (You et al. 2012) . Using high-molecular weight HA alongside with PEG can improve the biocompatibility and limit the release of encapsulated drugs in undesired sites Sun et al. 2017) . In order to stimulate the drug release in the target tissue during the photothermal treatment, thermosensitive polymers are excellent coating materials (Deng et al. 2016; Ji et al. 2018 ). As Ji et al. reported, almost complete controlled drug release was achieved by coating the GNCs with thermally responsive P (NIPAMco-Am) copolymer as a NIR stimuli gatekeeper (Ji et al. 2018) . Although coating the nanoparticle with a variety of polymers provides controlled drug delivery, the early removal of nanoparticles by the immune system needs to be addressed. Therefore, new approaches to ensure more effective tumor targeting with a reduced macrophage cell uptake are highly desirable (Li et al. 2018b; Zhu et al. 2018) . To this aim, encapsulation of GHNSs in DOXloaded thermo-sensitive liposomes was reported by Li et al. By this method, several GHNSs were encapsulated in a single liposome, which resulted in an enhanced aggregation of photothermal agents into cancer cells which led to an improved photothermal treatment. During the photothermal treatment, the thermo-sensitive liposomal membrane disrupted and the drug released at the tumor site (Li et al. 2018b) . As another encapsulation method, nanoparticles cloaked with natural cell membranes. The biomimetic cell membrane coatings significantly increase nanoparticles stability, blood circulation time, ability of immune escape, and limit the drugs leakage in physiological conditions. Zhu et al. reported the anti-EpCam antibody modified RBC vesicles that were capped with paclitaxel loaded GNCs. Upon NIR laser irradiation at 808 nm, this biomimetic nanoplatform can release paclitaxel and generate hyperthermia to realize combination of photothermal and chemotherapy (Zhu et al. 2018 ).
Gold nanoshells
Gold nanoshells (GNSs) are another group of the goldbased nanostructures which were investigated for CT-PTT. GNSs are more biocompatible comparing to other gold nanostructures. As an example, pilot clinical studies with PEG-coated GNSs with a diameter of about 150 nm have been approved by FDA and given intravenously to patients for the treatment of head and neck cancer, as well as primary and/or metastatic lung tumors (Wang et al. 2013) . The LSPR of gold nanoshells exhibits a redshift from visible to NIR region in comparison to gold nanoparticles. By changing the core size, surface plasmon resonance of GNSs can also be easily tuned to the desired wavelength (Gobin et al. 2008; Luo et al. 2016a) . Although there are several reports on the application of GNSs with solid cores for photothermal therapy, the hollow and porous cores are usually preferred as they enable the encapsulation of nearly all kind of drugs for efficient CT-PTT (Huang et al. 2018 ). Liu et al. studied silica nanorattles as mesoporous biocompatible cores which were exhibited higher drug loading capacity and sustained release (Liu et al. 2011 ). Luo et al. were synthesized goldcoated oleic acid/chitosan/soya lecithin liposomes for combination therapy (Luo et al. 2016a ). Liu et al. used a liposome core/branched GNSs. The rough shells have large absorption cross section, higher molar extinction coefficient, and exhibit stronger electromagnetic field, so they can demonstrate higher photothermal efficiency. Although the drug loading efficiency was high in liposomal-based systems, almost 50% of encapsulated drug molecules could escape through the gold shell openness in physiological conditions . To have a better control on the drug release, Huang et al. investigated a gold-coated DOX-loaded poly (aspartic acidbutanediamine)-poly (2-(diisopropylamino)ethyl methacrylate) diblock copolymer micelles. This copolymer is pH-sensitive, so the drug was released in the acidic environment of lysosome (Huang et al. 2018 ).
Branched gold nanostructures
Among gold-based nanostructures, anisotropic multibranched nanoparticles such as gold nanostars and nanoflowers have attracted more attention in recent years. These nanostructures have several sharp branches which can act as hot spots and amplify the electromagnetic field and result in a high light-to-heat conversion efficiency. In addition, ease of synthesis for large-scale production and LSPR in the NIR region makes them excellent candidates for photothermal therapy (Ma et al. 2013; Hernández Montoto et al. 2018; Nam et al. 2018) . The most notable drawbacks of these nanoparticles are their limited stability, reshaping or intraparticle ripening, and partial oxidation of tips (Song et al. 2016; Hernández Montoto et al. 2018) . To overcome these issues, Song et al. proposed silica coating. They synthesized gold nanoflowers and coated them with a thin layer of silica to protect them from intraparticle ripening. To improve drug loading capacity, the resulted nanoparticles coated by a thick layer of mesoporous silica (Song et al. 2016 ). Zhang et al. synthesized octopus-type Janus nanoparticles with enhanced biocompatibility, stability, blood circulation time, and targeting. They used polyacrylic acid nanoparticles as a template to specifically grow a mesoporous silica shell on one side of particles and gold branches separately modified with methoxy-poly(ethylene glycol)-thiol on the other side and targeted them by attaching lactobionic acid on the silica surface. As a result of this smart design, the targeted hybrid nanostructure showed improved CT-PTT ). Li et al. were utilized calcium phosphate as a biodegradable, pHresponsive, and nontoxic platform to grew GNR assemblies in a single nanoparticle with an enhanced photothermal efficiency (Li et al. 2017b ). Nam et al. were proposed polydopamine-coated spiky gold nanoparticles as a new photothermal agent with extensive photothermal stability and efficiency. This new nanoplatform could elicit robust antitumor immune responses and eliminated local as well as untreated distant tumors in > 85% of animals (Nam et al. 2018) . In order to have a better control over the drug release and to increase the nanostructures biocompatibility and targeting, Chen et al. synthesized glutathione (GSH)-modified gold nanostars by a green method and linked the tripeptide Arg-Gly-Asp (RGD) as a targeting agent and DOX molecules covalently to the surface of nanoparticles. In this system, DOX released as a result of the replacement of GSH on the surface of nanoparticles by the abundant intracellular GSH (Ma et al. 2013) . Complete controlling on the drug release from mesoporous silica-coated gold nanostars was achieved by capping the drug-loaded nanostructure with paraffin gates which can melt during the photothermal therapy (Hernández Montoto et al. 2018) . It can be concluded that although the branched gold nanostructures demonstrate an excellent light to heat conversion, to overcome their instability, it is necessary to protect them with a biocompatible shell like silica before biological use. In Fig. 2 , novel candidates of gold-based nanostructures for CT-PTT are schematically illustrated.
Iron-based nanomaterials
Iron-based nanomaterials have demonstrated numerous therapeutic and diagnostic applications including for iron deficiency treatment, MRI, drug delivery, photodynamic therapy, and recently for photothermal therapy (Li et al. 2017a (Li et al. , 2019 . Today, a few types of these nanomaterials are approved by the FDA while there are still many highpotential ones which their applications have been limited only to academic publications. Although iron-based nanomaterials have not a long age history in photothermal therapy, considerable efforts have been dedicated to using them for the combination of photothermal and chemotherapy under two major categories: (a) iron oxide-based nanoparticles and (b) metal-organic frameworks.
Iron oxide-based nanoparticles
Due to their excellent biocompatibility, high stability in the physiological environment, and biodegradability, iron oxide nanoparticles (IONs) have been used for both diagnostic (imaging) and therapeutic purposes (Shen et al. 2017; Zhang et al. 2018b) . Recently, the NIR thermal conversion properties of various shapes of IONs have been studied both in vitro and in vivo which demonstrate the great promise of IONs for PTT (Wu et al. 2017; Shen et al. 2017; Hu et al. 2018) . In order to achieve a remotely controlled drug release system, the drug molecules can be attached to the ION surface through a thermosensitive bond Wu et al. 2017) . During the PTT, by increasing the temperature, the thermal-cleavable linker could decompose and result in a burst release in the tumor site. Nevertheless, this method may not be a perfect option as the drug should be camouflaged for the drug-resistant cancer cells.
One of the most straightforward choices to address this issue, while preserving other advantages (i.e., magnetic targetability, MRI, and controlled release), is to use a biocompatible and biodegradable polymer to entrap both SPIONs and the drug molecules in individual nanospheres.
These nanoparticles can be actively targeted by simply choosing a polymer that has a specific interaction with receptors which are overexpressed on cancer cells (Luo et al. 2016b; Zheng et al. 2018) or by conjugating specific targeting ligands on their polymeric surface (Wang et al. 2018c ). Guo et al. prepared a nanotheranostic agent composed of carboxyl-modified PEGylated poly (lactic-coglycolic acid) (PLGA-PEG-COOH) as the base material to entrap SPIONs, drug, and perfluorohexane (PFH) and actively targeted them by conjugating the antibody Herceptin on their polymeric surface (Guo et al. 2017) . Upon exposure to NIR, SPIONs generate heat for PTT which also trigger the optical droplet vaporization of PFH and generate PFH gas microbubbles. This phenomenon not only provides ultrasound-imaging ability to monitor the treatment procedure but also synergically improves the tumor therapeutic efficacy through three different mechanisms: (1) enhancing the drug release from nanoparticles, (2) enhancing the cell permeability by cavitation effect, and (3) physically intoxicating cancer cells by rapid increase in the volume of PFH. In an attempt to combine the PDT with CT-PTT, Zhu et al. synthesized CuS-coated SPIONs and co-loaded them with a drug in gelatin nanoparticles (Zhu et al. 2017) . Nevertheless, although this formulation could generate reactive oxygen species (ROS) in cancer cells under laser irradiation and resulted in higher apoptosis, they could not outperform the free drug in cancer cell killing.
In another approach, in order to make most of the intracellular drug delivery and cell internalization, single SPIONs are encapsulated in a drug-loaded polymeric shell which results in smaller particle size in comparison to the aforementioned method (Luo et al. 2016c; Oh et al. 2017; Shen et al. 2017 ). However, due to the smaller polymeric portion, these nanoplatforms lack the sufficient capacity for drug loading. In order to enhance the drug loading capacity of these systems, different methods are studied to produce a hollow space underneath the external polymeric shell. As a first attempt, a mesoporous silica layer was designed as a mid-layer which offers more space for drug loading (Luo et al. 2016b ). In another study, Shen et al. used such silica layer as a sacrificial material to achieve a yolk-shell structure with a hollow space between the SPION and a thermosensitive polymeric shell (Shen et al. 2017) . In this method, the drug loading capacity increased by 2.5-fold after etching the silica layer. Recently, Zhang et al. introduced a virus-like particle by embedding the drug-conjugated SPION in a hepatitis B virus core antigen (HBc) (Zhang et al. 2018b) . As a natural nanocarrier, HBc presented empty interior space that can enhance the stability and biocompatibility of the nanodrugs. As a result of the viral nature of the surface proteins and the smaller particle size, these nanoparticles can easily be internalized by the cancer cells.
It has been shown that although smaller particle sizes are more suitable for cell internalization and intracellular drug delivery, the advantages of larger ION-based nanoparticles (up to the cutoff size for extravasation from the tumor vasculature) excel those of the smaller ones (Guo et al. 2017) . Larger magnetic particles offer higher thermal conversion efficiency and are more magnetically targetable so it can be more effectively accumulated in the tumor tissue and result in a more therapeutic effect (Guo et al. 2017) . Taking all of this into account, magnetic nanoclusters which offer better PTT (in comparison to singular SPIONs) and considerable space for drug loading could be one of the best options for CT-PTT (Zhang et al. 2015d; Hu et al. 2018 ). Very recently, Sun et al. introduced a new CT-PTT-PDT platform by encapsulating the chlorin e6 (Ce6)-loaded ION clusters in a drug-loaded thermosensitive polymer (Sun et al. 2019) . In this system, the SPIONs generate heat for PTT and melt the coated polymer by NIR laser irradiation with a low power density (230 mW/ cm 2 ), resulting in the release of encapsulated DOX. Simultaneously, the exposed Ce6 can also generate cytotoxic ROS under the same NIR light irradiation, thereby resulting in an enhanced combined therapy triggered by a single light.
Another method to overcome the rather poor PTT efficacy of SPIONs is to supplement them by another well-established photothermal agent. To this end, PTT agents can be co-loaded in a polymeric sheath alongside with SPIONs and drug (Chen et al. 2017a; Wang et al. 2018b) , or a photosensitive polymer can be employed to load the drug and encapsulate the SPIONs . In a study conducted by Yang et al., a magnetic mesoporous CoFe 2 O 4 @PDA@ZIF-8 sandwich NP was introduced as a theranostic agent for MRI, multidrug chemotherapy, and photothermal synergistic therapy with pH and NIR-triggered release behavior (Yang et al. 2017) . In this system, the mesoporous CoFe 2 O 4 core which acts as MRI probe, PTT agent, and loading platform of hydrophilic DOX is coated by a photosensitive polydopamine layer to avoid the early leakage of DOX before arriving at the tumor site and to enhance the PTT efficiency. The ZIF-8, a metal-organic framework, shell serves to encapsulate hydrophobic camptothecin and as the switch for the pH and NIR stimulation-responsive release of the two drugs. By embedding each drug in a separate region, this formulation provided a sequential release profile for the two drugs in the acidic microenvironment of the tumor with an interval of approximately 12 h which has a positive effect on the therapeutic efficiency (Yang et al. 2017) .
Another approach to achieve a controlled drug delivery system is attaching IONs to various transmembrane protein channels. Using molecular dynamic (MD) simulation and patch fluorometry, it has been proposed that liposomes in which mechanosensitive channels are reconstituted can be used as drug delivery systems for targeted release of cancer therapy agents (Nakayama et al. 2015; Bavi et al. 2017; Martinac et al. 2017) . For this reason, the channels should be either attached to a magnetic particle or be genetically manipulated such that it is, for example, pH or light sensitive (Koçer et al. 2005 (Koçer et al. , 2006 . Moreover, there several reports on magnetically mediated activation of different ion channels in vivo that are fused with molecules such as ferritin. It is however proposed that the mechanism of action of these channels fused with ferritin is through magnetic heating of ferritin, hence elevating the entropy of the system after being exposed to a magnetic field (Duret et al. 2019) . If true, such effect may be potentially induced through shining laser at channel proteins that are attached to nanoparticles and are reconstituted into liposomes. This way, one can activate the channel which is acting as Bnanovalve^and subsequently release the drug exactly at the targeted tissues. This is certainly a potential path for further development in this area.
MOF-based nanoparticles
Metal-organic frameworks (MOFs) are crystalline, porous, and hybrid nanostructures consisting of metal nodes and organic linkers (Gautam et al. 2018) . They have shown great potential in biomedical applications and also in cancer therapy as theranostic agents for synergistic combination therapy. Prussian blue (PB), a dark blue pigment with a cubic structure in which Fe(II) and Fe(III) atoms occupy the corners of the cube and cyanide groups positioned on the sides, has been extensively studied for CT-PTT. PB offers numerous features including biocompatibility supported by the FDA approval, long-term stability in a wide range of conditions, biodegradability, controllable shape and size, low production cost, excellent PTT conversion in a broad range of NIR region, magnetic properties, and ease of synthesis (Dacarro et al. 2018; Gautam et al. 2018) . PB is reported to be coated or decorated on other nanoparticles to enhance their therapeutic efficiency by PTT effect (Xue et al. 2015a; Santha Moorthy et al. 2018; Li et al. 2019) . In a same strategy, PB has been used as a core for different drugcontaining shells including polymeric, silica-, and MOF-based materials to supplement them with PTT (Xue et al. 2015b; Su et al. 2016; Wang et al. 2016b Wang et al. , 2017a Tian et al. 2017a ). These hybridizations can add various functions to the CT-PTT such as pH triggered drug release (Wang et al. 2017a) , enzyme triggered drug release (Xue et al. 2015b ), MRI contrast enhancement (Xue et al. 2017; Li et al. 2019) , magnetic targetability (Xue et al. 2017 ), or just a porous layer for higher drug loading capacity (Su et al. 2016) .
Hollow PB nanoparticles have been reported to have an extraordinary drug loading capacity as well as PTT and imaging (Cai et al. 2015) . Chen et al. have designed a red blood cell (RBC) membrane camouflaged hollow mesoporous PB nanoparticles (HMPB@RBC NPs) with 130% DOX loading capacity for CT-PTT (Wang et al. 2017d ). This nanoagent demonstrated suitable cyto-and hemocompatibility with low immune response. Nonetheless, although the RBC membrane coating enhanced the accumulation in tumor tissue and reduced its accumulation in other tissues, the majority of nanoparticles were still accumulated in the spleen and lung. In order to overcome this issue, routine targeting strategies can be applied to PB-based nanostructures. Jing et al. have employed a HA grafting PEG coating as a capping agent for prolonged blood circulation time and CD44 receptormediated tumor targeting into one single agent (Jing et al. 2018 ). This coating method significantly increased the drug concentration in the tumor in comparison to other tissues. Additionally, in comparison to those nanoparticles coated with only PEG, the drug accumulation in tumor increased to more than two times which is attributed to its suitable size, passive targeting by EPR effect, and the active ligand of HA on the surface, which binds CD44 receptor which is overexpressed in cancer cells.
In order to improve the poor MRI contrast of PB, Cai et al. have incorporated manganese, a well-defined positive contrast enhancer, to hollow mesoporous PB nanoparticles (Zhang et al. 2015a ). They coated a Mn-containing PB analogue onto both the outer surface and the inner mesoporous channels of HMPB to form a core-shell hollow structure. A pH-triggered release system was achieved which concurrently releases both Mn 2+ ions and DOX molecules; thereby, the dynamic drug release can be monitored by MRI. Some of the distinct nanostructured candidates of iron oxide-and PB-based nanoparticles for CT-PTT are schematically presented in Fig. 3 .
Metal sulfide-based nanomaterials
Recently, metal sulfides have gained more attention due to their low production cost, high photothermal conversion efficiency, and good photothermal stability as photothermal agents. Integrated CT-PTT systems based on metal sulfides have been shown to have potential to increase the efficiency of cancer therapy. These nanomaterials can be classified in two distinct groups: two-dimensional (2D) and threedimensional (3D) metal sulfide nanostructures.
Two-dimensional metal sulfides
Among the diverse group of 2D nanomaterials, 2D transition metal sulfides have become the focus of various research studies and clinical applications. 2D transition metal sulfides are typically consisting of a layer of transition metal atoms (such as Mo, W, Bi, Ti, Zr, and so on) sandwiched between two layers of sulfur atoms (Zhang et al. 2018a ). Molybdenum disulfide (MoS 2 ) is one of the mostly explored 2D metal sulfide nanosheets used as a drug nanocarriers for CT-PTT due to its high specific surface area and efficient photothermal conversion (Gong et al. 2017 ). However, application of MoS 2 was limited by its poor stability and dispersibility in aqueous environments. These disadvantages of MoS 2 nanosheets can be overcome by surface modification with various biopolymers including bovine serum albumin (Chen et al. 2017c) , PEG (Wang et al. 2015b) , chitosan (Yin et al. 2014) , glutathione , silk fibroin (Li et al. 2017c) , poly (acrylic acid) , and soybean phospholipid (Li et al. 2016a) . For the first time, Liu et al. reported the great potential of using MoS 2 nanocarriers as a promising candidate for CT-PTT (Liu et al. 2014a) . MoS 2 nanosheets were functionalized with lipoic acid modified PEG (LA-PEG) and a specific cancer cell targeting ability was promoted by incorporation of folic acid to the surface which binds the folate receptors on cancer cells. The highest DOX loading ratios (weight ratios between the DOX and MoS 2 ) reached~239%, which was much higher than DOX loading ratios on PEGylated graphene-based nanocomposites which were found to reach ∼ 150% (Sun et al. 2008 ). After either intratumoral or intravenous administration, drug-loaded MoS 2 nanocarriers exhibited remarkable in vivo synergistic anticancer effects. It is also reported that branched polymers are more effective in enhancement of blood circulation time in comparison to linear ones. For this reason, hyperbranched polyglycidyl (HPG)-modified MoS2 was developed as a desired formulation to prolong the blood circulation time of nanocarriers (Wang et al. 2017b) . In order to enhance the biocompatibility of MoS 2 nanocomposites, Zhang et al. constructed a smart folic acid-grafted bovine serum albumin functionalized MoS 2 nanosheets to permit targeting of human breast cancer cells with an extra PEGylation to enhance their dispersibility and colloidal stability . In an effort to find a simple, low-cost, and high-throughput method to synthesis mono layered MoS 2 for combined CT-PTT, Yin et al. fabricated chitosan-functionalized MoS 2 nanosheets as a highly effective NIR stimuli-responsive drug delivery system with appropriate photothermal conversion efficiency (Yin et al. 2014) . The controlled release of the non-covalently loaded DOX in this system could completely eradicate the tumor cells in vitro and in vivo showing the synergistic efficacy of CT-PTT.
In another approach, surface modification using silica has been investigated in order to overcome problems like poor colloidal dispersity after drug loading and structural limitations to the types of compatible drugs with these nanocarriers. Mesoporous silica nanostructures are widely used in drug delivery due to good biocompatibility, large surface and cavity volumes, controllable porosity, good stability, and facile modification. The DOX loading content in a mono layered MoS 2 nanosheets coated with a porous silica shell was reported to be as high as 230 mg/g (Lee et al. 2016) . In another work, a NIRlight-triggered MoS 2 nanoplatform wrapped DOX-loaded periodic mesoporous organosilica (PMO) was synthesized and then decorated with PEG which demonstrated excellent synergistic efficiency in mice (Shao et al. 2016) .
Unlike Bdispersed-in-suspension^drug/carrier manner, Wang et al. encapsulated MoS 2 nanosheets along with DOX molecules in a PLGA matrix based on the phase transforming behavior of PLGA polymer (Wang et al. 2015a ). This formulation exhibited numerous advantages including CT-PTT with a very low dosage of photothermal agents and drug molecules, photoacoustic imaging, and no leakage of MoS 2 nanosheets and DOX into bloodstream. In vivo studies indicated that release of encapsulated DOX molecules was triggered by NIR laser irradiation and the synergistic CT-PTT caused significant coagulation necrosis of tumor tissues.
Tungsten disulfide (WS 2 ) nanosheets are another metal sulfide nanoparticles evaluated for CT-PTT applications. Cheng et al. reported the in vivo tumor ablation potential of WS 2 nanosheets as photothermal agents for the first time (Cheng et al. 2014) . WS 2 nanoplatforms with high surface area are ideal for physical or chemical drug loading (Yong et al. 2014) . WS 2 quantum dots (WQDs) with smaller lateral size layered structure (≤ 5 nm) have great potential for medical application due to their excellent size for evading the reticuloendothelial system absorption and effective excretion through kidney. Liao et. al. introduced a WQD-coated DOXloaded PMO drug delivery system for light triggered drug release (Liao et al. 2018) . They indicated that the fabricated nanoplatform possesses a great potential for combined chemophotothermal cancer therapy. WS 2 nanosheets can also act as a good imaging contrast agents. Cheng et al. described coating of IONs self-assembled WS 2 with porous silica and PEG for Fig. 3 Two major categories of iron-based nanomaterials: iron oxide-based nanoparticles and metal-organic frameworks that are used for the combination of photothermal and chemotherapy multimodal imaging and chemo/photothermal therapy .
Three-dimensional metal sulfides
Recently, Cu x S (x = 1-2) nanoparticles as a new type of nanomaterials with adjustable photothermal conversion efficiency emerged as promising agents in cancer treatment (Feng et al. 2015) . Among these materials, copper sulfide (CuS) nanostructures not only have comparable NIR absorption as gold but also have some advantages over gold such as ease of synthesis, low toxicity, low production cost, and constant NIR light absorption (Li et al. 2010) . The most common type of CuS nanostructures studied for CT-PTT is their mesoporous silicacoated ones Yang et al. 2015; Wu et al. 2015; Peng et al. 2017) . These nanocomposites can produce lethal heat upon NIR light irradiation for photothermal cancer treatment and release the payload from the mesoporous silica shell in a pH and NIR light-responsive manner for chemotherapy. CuS nanoparticles were also reported to be coated on the outer surface of mesoporous silica and carbon nanoparticles as another approach to achieve a dual-modal therapeutic agents for cancer therapy (Liu et al. 2014a) . Lu et al. reported an in situ expansion of CuS nanoparticles on PMOs by growing them on their thiol bonds . CuS nanoparticles can also be adsorbed by an electrostatic interaction on the surface of porous Se@SiO 2 nanospheres (Wang et al. 2018d ). CuS-covered mesoporous carbon nanosphere (MCN) was investigated by Zhang et al. as an improved drug carrier for effective CT-PTT (Zhang et al. 2015b) . Intracellular drug release can be facilitated by appropriate MCN carriers because of their high surface area and large and uniform porous structure. Moreover, MCNs and DOX-specific interactions allow pHdependent DOX loading (pH ≥ 7.4) and release (pH ≤ 5.5).
Hollow mesoporous CuS nanoparticles (HMCuS NPs) are other common nanoparticles in this group which thanks to their high surface area and homogeneous pore structure are also good drug carriers. Nevertheless, similar to other porous nanomaterials, early drug leakage in the blood stream is a serious challenge for these structures which could be resolved by an extra surface coating. Different materials have been studied as the coating for the outer surface of HMCuS NPs such as multifunctional hyaluronic acid (Feng et al. 2016) , iron-dependent artesunate , and PEGylated graphene oxide nanosheet (Han et al. 2017) . Cellular membrane-coated hollow CuS nanoparticles were reported by Wang et al. which in comparison to the bare CuS nanoparticles exhibited higher in vitro source cell line recognition and high in vivo source cells targeting ability with an almost 100% efficiency for melanoma tumor growth inhibition through CT-PTT (Wang et al. 2018a) .
Enzyme-responsive CuS nanoparticles are another structure that reported for combined cancer therapy (Zha et al. 2013; Zhu et al. 2017) . Gelatin, a natural macromolecule with excellent properties, can be employed as a surface coating for CuS nanoparticles to release the payload at the tumor site where the overexpressed gelatinase can hydrolyze the coating and trigger the drug release.
In order to improve the photothermal and photodynamic property of CuS nanoparticles, integration of plasmonic noble metals and CuS nanoparticles has been taken into consideration. Yolk-shell nanoparticles with Au core@void@CuS shell structure were prepared by Chang et al. for potential CT-PTT (Chang et al. 2018) .
For the purpose of smart tumor targeting, Zhang et al. incorporated two complementary DNA sequences to mesoporous silica conjugated CuS nanoparticles (Zhang et al. 2015c ). The de-hybridization of DNA duplex was happened by laser generated heat and subsequently by DOX released. Another smart chemo/photothermal agent for cancer therapy was developed based on aptamers (Meng et al. 2017) . Cu 1.8 S nanoparticles covered by aptamer/PEG and conjugated with MoS 2 nanosheets were developed to enable effective detection of cancer-related miRNA. Efficient cancer cell treatment was obtained by NIR-triggered DOX release from this smart nanocomposite.
Bismuth sulfide (Bi 2 S 3 ) nanoparticles are other 3D metal sulfides which due to their high X-ray attenuation coefficient, cost-effectiveness, biological tolerance, and long circulation half-lives can be used in the biomedical field. Li et al. demonstrated highly porous PEGylated Bi 2 S 3 as a simple but powerful multimodal imaging-guided CT-PTT nanoagent for precise and efficient cancer treatments (Li et al. 2016a ). In another approach, polyvinylpyrrolidone-decorated Bi 2 S 3 nanorodes were encapsulated with a mesoporous silica layer and loaded with DOX. Trastuzumab as a monoclonal antibody was also conjugated to nanostructure for smart targeting breast cancer cells. The multifunctional Bi 2 S 3 nanoplatform shows excellent cancer-targeted bioimaging and cancer metastasis prevention ). In Fig. 4 , different candidates of transition metal sulfides for CT-PTT are schematically illustrated.
Other nanostructures
Besides the above-discussed nanomaterials, some other inorganic nanomaterials have been demonstrated to have the potential for CT-PTT which can be categorized into two groups based on their light to heat conversion mechanisms. The first group is the nanomaterials that generate heat through the surface plasmon resonance including noble metal nanostructures. In these nanostructures, the conduction band electrons absorb light and produce heat by vibration. Similar to gold nanostructures which were discussed earlier, palladium and cupper belong to this group that have been studied in various 2D and 3D shapes and with several modifications which showed promising results both in vitro and in vivo. The ability to adjust the surface plasmon by variation in nanostructure geometry and drug loading through coordination bonding is the major advantage of these nanomaterials (Tang et al. 2014; Lin et al. 2015; Shi et al. 2016; Song et al. 2018) .
The second group consists of nanomaterials that produce heat by intervalence electron transition between molecular/ atomic orbital energy levels where the energy gap matches the light energy in the NIR region, including selenides, oxides, and tellurides of transition metals. Selenium (Se) is a vital trace element which can reduce the occurrence and fatality of liver, prostate, and lung cancers. Among transition metal chalcogenides, selenides of Ni, Mo, Bi, and Co have been of higher interest due to their high photothermal conversion efficiency (above 30%) and photoacoustic imaging ability. Still, surface coating is necessary for drug loading and environmental stability of these nanostructures (Chen et al. 2015; Li et al. 2016b Li et al. , c, 2017b Wang et al. 2016a .
Transition metal oxides are other chalcogenides that are of particular interest due to their adjustable NIR absorption. Due to their structural diversity and significant NIR absorption, Fig. 4 Five different classes of transition metal sulfides: core-shell structures, encapsulated nanoparticles, magnetic nanocomposites, nanosheets, and cellular membrane-coated nanoparticles which are reported as theranostic agents for CT-PTT oxides of molybdenum and tungsten have been the mostly investigated transition metal oxides. The application of Rb x WO 3 nanorods, MoO 3−x hollow nanospheres, and polymolybdate clusters as theranostic agents for simultaneous imaging and CT-PTT has been studied so far. It seems plausible to see abundant publications using transition metal oxides in this field in the upcoming years (Tian et al. 2014; Bao et al. 2016; Vimala et al. 2017) .
In comparison to other chalcogenides, transition metal tellurides, such as MoTe 2 and Cu 2 Te, though demonstrated numerous advantages including high thermal conversion coefficient, ease of synthesis, biocompatibility, high drug loading capacity, and biodegradability (for MoTe 2 ), have been studied very limitedly only in recent years (Wang et al. 2017f; Ma et al. 2018) . Therefore, further studies are required in order to comment on their potentials for cancer therapy application.
Conclusions and perspectives
The foremost aim of combination therapies using nanocarriers is to target the tumor tissue, reduce the undesired side effects, and synergically enhance the therapeutic efficiency. An ideal cancer therapy should cover different aspects such as tumor identification, tumor imaging, and drug delivery for effective cancer eradication. Inorganic nanomaterials include a diverse group of nanoparticles which thanks to their special properties and versatility have been extensively investigated as theranostic agents for combination cancer therapy. Besides being suitable drug carriers and having superb photothermal properties, some types of these nanomaterials also serve as mediators for PDT and magnetic hyperthermia. Nevertheless, although some of these nanomaterials are approved by the FDA for some clinical applications, different inorganic nanostructures exhibited variations in efficacy and toxicity which should be precisely optimized. For instance, in some of the reviewed studies, very high and unsafe laser powers were employed to achieve a desirable cytotoxicity and in a similar manner laser wavelengths rather than 808 nm were employed in some studies which not only may damage the normal flesh but also may not penetrate the body and reach the tumors in the depth. In order to improve their biosafety, dispersibility, environmental stability, and functionality various coating materials have been incorporated in inorganic nanostructures which plays not only a passive role (for example for stealthiness) but also an active and stimuli-responsive role to target the tumor and control the drug release. Furthermore, incorporation of some organic and inorganic compounds of these nanostructures is reported to enhance their therapeutic efficiency by PDT, PTT, or radiotherapy and to enable them for extra imaging applications.
Several novel inorganic theranostic nanostructures have already demonstrated exciting results in the past few years in this rapidly growing field. However, translational efforts are lacking and all these studies are still in the prototype stage and the very few types of these nanostructures that are approved by the FDA are in their simplest form without any functionalization. It has been suggested (Li et al. 2017a ) that this issue could be partly due to academic policies in these area which mostly support development of new compounds and high-quality publications rather than clinical development and improvement of existing formulations. Hence, more support is required for validation and clinical improvement of both novel and existing theranostics.
For the clinical and translational applications of nanomaterials for CT-PTT as well as successful bench-tobedside transition, further studies are required to carefully examine the potential toxic side effects of hybrid nanomaterials both in short and long term in vivo; evaluate the feasibility of producing these nanostructures on a large scale with a facile, reproducible, and inexpensive method; precisely optimize the drug loading and release behaviors to be compatible with the in vivo use, based on the time needed to reach the targeted tumor to minimize the drug dissemination in organs and optimize the accumulated drug dose at the tumor site; and realize the exertion pathways and retention time in tumor tissue for bioimaging applications, to name but a handful.
Inorganic nanostructures have a bright future as potential theranostic agents due to their established unique properties. Nevertheless, extensive interdisciplinary studies, characterization, and modifications are required before it can lead to routine processes and marketing authorizations. Moreover, basic science has taken baby steps towards developing more advanced, yet completely biocompatible, liposomal drug delivery systems which seem promising particularly for cancer therapy. One of the examples is the use of mechanosensitive channel proteins as nanovalves in liposomal drug delivery systems. The idea is to have more control over the drug release process during the treatment and reduce the side effects of the chemotherapy drugs by activating these channels exactly at the targeted tissues. Although still far from being implemented, this is certainly another potential path for further research and development in nanobased drug delivery and cancer therapy field.
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